A Mechanism for Photoinduced Effects In Tetracyanoethylene-Based Organic Magnets 
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The photoinduced magnetism in manganese-tetracyanoethylene (Mn-TCNE) molecule-based mag- 
nets is ascribed to charge-transfer excitations from manganese to TCNE. Charge-transfer energies 
are calculated using Density Functional Theory; photoinduced magnetization is described using a 
model Hamiltonian based on a double- exchange mechanism. Photoexciting electrons from the man- 
ganese core spin into the lowest unoccupied orbital of TCNE with photon energies around 3 eV 
increases the magnetization through a reduction of the canting angle of the manganese core spins 
for an average electron density on TCNE less than one. When photoexciting with a smaller energy, 
divalent TCNE molecules are formed. The delocalization of the excited electron causes a local spin 
flip of a manganese core spin. 

PACS numbers: 75.50.Xx, 75.90.-l-w, 78.90.+t 



In recent years, optical control of magnetic proper- 
ties has drawn a great deal of attention [ij. Photoin- 
duced changes in magnetic order were extensively stud- 
ied in a variety of systems, including spin-crossover com- 
plexes 2j, magnetic heterostructures l3l|, and manganite 
films 4]. Photoinduced effects were recently reported 
in molecule-based compounds, such as Co-Fe Prussian 
blue anologs and manganese-tetracyanoethylene, 

Mn(TCNE), • ^(CHsCls) (x « 2, y ~ 0.8 ) 0. In 
these compounds, magnetization induced by illumina- 
tion with visible light can be partially eliminated by 
using light with a longer wavelength. In the Prus- 
sian blue anologs, the increase in magnetization is at- 
tributed to a low-spin to high-spin transition that is trig- 
gered by photoinduced charge transfer 8]. In the case 
of Mn(TCNE):r • y(CH2Cl2), which is the focus of this 
Letter, optical spectroscopy ^ suggests that the pho- 
toinduced magnetization can be related to a tt — > tt* 
optical transition in TCNE, whereas a charge transfer 
between metal and ligand causes a decrease in magne- 
tization. Despite the enormous technological potential 
of these organic-based molecular magnets with reversible 
photoinduced magnetization, little theoretical work has 
been done to describe the exact photoinduced states and 
the mechanism triggering photoinduced changes. 

Mn(TCNE)3; • y{Cll2Ch) is an electron transfer salt 
in which both Mn ion and the organic molecule TCNE 
carry spins; CH2CI2 is a solvent. According to Mossbauer 
spectroscopy studies, the transition-metal ion is divalent 
with manganese in a high-spin state |9|. The cyanocar- 
bon acceptor TCNE" has an unpaired electron in the n* 
molecular orbital. The Mn ion and TCNE molecule are 
coupled antiferromagnetically with a critical temperature 
of 75 K |l^ . At 2.5 K, the magnet exhibits a transition to 
a spin glass-like state 10]. Although the exact structure 
of the compound is unknown to date, experimental evi- 
dence suggests that Mn-TCNE forms a three-dimensional 
network in which each Mn ion is surrounded by up to six 



TCNE molecules The lack of sufficient informa- 

tion on the structure limits the use of ab initio quantum 
chemistry calculations on this magnet. 

Experimentally, it has been observed that the magneti- 
zation of the compound increases upon argon laser excita- 
tion in the region ^ 2.54 — 3.00 eV and reaches saturation 
in 6 h, while the excitation in the region ^ 1.8 — 2.5 eV 
results in partial reduction of the photoinduced magneti- 
zation. The photoinduced effects persist for several days 
at low temperature. Heating the molecular magnet up 
to 200 K after illumination of light does not fully erase 
the photoexcited state although photoinduced effects are 
not observed above 75 K. This implies that magnetic 
exchange alone does not explain the metastable state. 
In this Letter, we show that the excitation energies for 
photoinduced magnetization and demagnetization corre- 
spond to electronic transitions between Mn and TCNE 
with different valencies. Using Monte-Carlo simulations 
for a model Hamiltonian, we demonstrate that the mag- 
netic interactions between the manganese spins depend 
dramatically on the valency of the TCNE molecule, ex- 
plaining the changes in magnetization resulting from the 
photoinduced charge transfers. 

First, we need to understand the nature of the tran- 
sitions made for different excitation energies. To this 
end, we performed unrestricted density functional calcu- 
lations using GAUSSIAN 03 software J^] with local spin 
density approximation |l3|. The polarizable-conductor 
calculation model was used , to take into account the 
effects of the solvent. For the TCNE molecule, Dunning's 
correlation-consistent double-^ basis set was taken, and 
an effective core potential (LANL2) was used for the core 
electrons of the Mn atom. Calculations for a Mn and 
TCNE cluster show that the excitation energies used ex- 
perimentally correspond to excitations from the Mn eg 
states to the TCNE molecule. In the ground state, man- 
ganese has a i2gT^sT configuration with a spin 5 = 5/2 
and is octahedrally coordinated by TCNE molecules. Af- 
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ter photoexcitation, the Mn ion will be in a trivalent 
^2gT^9T state with 5" = 2, see Fig. H^a). The energy for 
the excitation Mn'^+ TCNE -> Mn^+ TCNE" is 3.18 eV. 
The presence of neutral organic molecules in a strongly 
disordered compound such as Mn-TCNE is likely since 
some TCNEs can be disoriented and uncoupled to the 
Mn ions due to the solvent. The calculation slightly over- 
estimates the transition energies due to a lack of band 
effects because of the finite size of the cluster and sim- 
plifications in the description of the polarizability of the 
solvent. The photoexcited state is expected to be mostly 
stable since the Mn'^+ ion is Jahn- Teller active and the 
charge transfer induces a distortion of the TCNEs sur- 
rounding the Mn ion. Experimentally, it has been seen 
that the photoinduced magnetization is accompanied by 
lattice distortions 0|. Because the polaronic state does 
not depend on the magnetic order, it also explains why 
the photoinduced excited state is not fully erased when 
the temperature is raised above the critical temperature. 
Relaxation is further complicated by the fact that the eg 
states couple only weakly to the TCNE valence states, 
which primarily consist of 7r-bonding orbitals. Photoin- 
duced demagnetization is ascribed to the transition Mn^+ 
TCNE- Mn3+ TCNE^^, see Fig. Hlb), which oc- 
curs at 2.87 eV. The energy for this transition is lower 
due to the electrostatic interaction between the Mn and 
the TCNE. Therefore, when tuning the magnetization 
by illumination with visible light, effectively one changes 
the number of valence electrons by transferring electrons 
from the Mn core spin to the lowest unoccupied orbital on 
TCNE. By varying the wavelength of the light, one can 
create different oxidation states of the TCNE that, due 
to their different coupling to the manganese core spins, 
allows a decrease and increase in magnetization . 



In order to describe how the photoinduced charge 
transfers between manganese and TCNE can have a 
strongly different impact on the magnetization, we use 
a model that captures the magnetic couplings between 
the manganese core spins and perform Monte-Carlo cal- 
culations to determine the magnetic properties. Of the 
TCNE, we retain the tt* orbital, which is the lowest un- 
occupied molecular orbital. We treat the manganese core 
spins classically. This a ppro ach is similar to the double- 
exchange mechanism [lalUlll^ often used in the colossal 
magnetoresistive manganites. The Hamiltonian is given 

by 
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where creates an electron with spin cr on a tt* orbital 
of TCNE and creates an electron on the effective d 
orbital of the Mn site. The latter operator is not as- 
signed a spin, since the spin of the conduction electrons 
is always antiparallel to that of the manganese core spin. 
Manganese and TCNE sites are labelled by i and j, re- 
spectively. The hopping amplitude between manganese 
and the tt* orbital is t. Oi^, is the angle of an electron on 
I'th ligand, which is or tt for a =t and J,, respectively; 
0j is the angle of classical manganese core spin at j'th 
site. Ed and Ett* are the energies for d and tt* orbitals, 
respectively. The last term in is a superexchangc in- 
teraction between two core spins mediated through the 
highest occupied molecular orbital of TCNE. We also in- 
clude the Coulomb interaction on the TCNE molecule. 
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FIG. 1: (a) The charge-transfer process made for a photon 
energy of Tiuj = 2.5-3.0 eV. An eg electron from the Mn 5* = 
5/2, which consists of 3 t2g electrons and 2 eg electrons, is 
transferred to the tt* orbital, the lowest unoccupied state of 
the TCNE molecule, leaving a core spin with S' = 2. (b) For 
lower incident photon energies, electrons are transferred to a 
TCNE" molecule giving rise to a doubly occupied tt* orbital. 
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where U is the strength of the Coulomb interaction be- 
tween two electrons in a tt* orbital. In our calculations, 
we first construct the Hamiltonian matrix for Hq for a 
given core spin configuration in a lattice. Since the struc- 
ture is as yet unknown, we carry out our calculations on 
a two-dimensional lattice. In doing so, we both preserve 
the stoichiometry and use the two-dimensional symme- 
try of TCNE molecule. A unit cell contains one metal 
site at site (0,0) and two ligands at sites (a/2,0) and 
(0, a/2), where a is the distance between two manganese 
atoms. For our calculations, we choose a lattice of 4 x 4 
unit cells and impose periodic boundary conditions, giv- 
ing a matrix size of 5N'^. In our model, we take t = 0.2 
eV, Ed - e^* = 1.5 eV, [/ = 1 eV. The value of JafS^ 
varies between 0.01 — 0.1 eV. For each Monte-Carlo step, 
we calculate eigenvalues and eigenvectors of the Hamilto- 
nian with direct diagonalization. The Coulomb repulsion 
on the TCNE molecule is calculated within the Hartree- 
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FIG. 2: (color online) (a) The normalized magnetization 
(|M|)/Afaat, where A/sat is the saturation magnetization, as 
a function of the average TCNE valency for superexchange 
coupling strengths JafS^ = 0.03,0.04, and 0.05 eV. (b) 
Schematic showing how the delocalization of an unpaired elec- 
tron stabilizes the ferromagnetic exchange. The left side 
shows the lowest configuration; the right side shows the 
hopping processes that stabilize the magnetic coupling, (c) 
Schematic showing how the delocalization of two tt* electrons 
stabilizes the antiferromagnetic exchange. 
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where \'^o) is the lowest many-body state of Hq obtained 
by fiUing the eigenstates up to the chemical potential 
using the Fermi-Dirac function for a finite temperature. 
In our Monte-Carlo calculations, for a given number of 
valence electrons, we calculate the average magnetiza- 
tion (|M|) of the whole lattice and average angles of core 
spins, {9i), at different values of Jaf- For average mag- 
netization calculations, we only consider the contribution 
of the manganese core spins. In our calculations, we take 
8000-32000 Monte-Carlo steps in total, sufficiently larger 
than the 1000-5000 Monte-Carlo steps needed to estab- 
lish the equilibrium state. We choose a low temperature 
of 5 K to minimize the temperature fluctuations. 

The central result is shown in Fig. |2Ia), where we 
see a significant change in the magnetization when elec- 
trons are transferred from manganese to TCNE for dif- 
ferent values of the superexchange coupling. If not all 
the TCNE are ionized in the initial state, illuminination 
with light creates a charge-transfer excitation from the 
Mn core spin to the valence band consisting of the TCNE 
TT* states and the Mn 3d states antiparallel to the core 
spin. The magnetization increases up to a formal valency 
of —1 for TCNE. The number of electrons in the valence 
band can be further increased by exciting with light hav- 
ing a smaller energy creating divalent TCNE molecules. 
However, these excitations lead to a decrease in magne- 
tization, see Fig. |2Ia). 

To understand the trends in magnetization, we have to 
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FIG. 3: (color online) (a) Canted spin state for an average 
TCNE valency of —1 (the actual electron density on TCNE 
is 0.97). The arrows indicate the manganese core spins. The 
circles indicate the TCNE positions, (b) Spin state for an 
average TCNE valency of —1.03. Note that the excited elec- 
tron is delocalized over the TCNE molecules surrounding the 
flipped spin, where the average density is 1.2 electrons (indi- 
cated by the larger dark-green circles). 



distinguish the regions where the average TCNE valency 
is less and greater than —1. Figure |2Ib) shows schemat- 
ically how two manganese core spins are coupled ferro- 
magnetically by an unpaired tt* electron. For parallel 
core spins, the conduction electron can lower its kinetic 
energy by coupling to the empty Mn t2g states. To obtain 
a ferromagnetic ground state, it is important to include 
the Coulomb interaction on the TCNE ions. This can 
be understood as follows. In the ferromagnetic state, the 
couphng to the manganese core spins splits the TCNE 
states in a spin-up and spin-down band. For an average 
TCNE valency of —1, the spin-down band (antiparallel to 
the core spins) is full, and there is no kinetic energy gain. 
However, for an antiferromagnetic configuration of man- 
ganese spins, kinetic energy can still be gained since the 
TCNE TT* orbital can be doubly occupied. Therefore, this 
state is lower in energy when the average electron den- 
sity per TCNE is greater than i , even in the absence of a 
superexchange interaction between the core spins. How- 
ever, the antiferromagnetic state becomes unfavorable in 
the presence of a Coulomb interaction on the TCNE. 

The behavior as a function of TCNE valency is a result 
of the competition between the ferromagnetic coupling 
mediated by the unpaired TCNE tt* electrons and the 
antiferromagnetic superexchange through the occupied 
TCNE TT orbitals. Our Monte-Carlo simulations show 
that a canted spin state is formed. A typical example 
is shown in Fig. E^a) for Jaf52=0.05 eV. To study the 
average canting angle of the Mn core spins with respect 
to the magnetization axis, we define {\6\) = 
Figure El^a) shows (16*1) as a function of the strength of 
the superexchange JafS^. We see that canting occurs 
for a critical superexchange coupling, here JafS^ = 0.02 
eV, see Fig. EJa). Of interest for the photoinduced effect 
is the change in canting angle as a function of the average 
TCNE valency. From Fig. EJb), we see that a change in 
TCNE valency of 0.1 electrons can cause a change in the 
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FIG. 4: (a) The average canting (|6'|) with respect to the 
magnetization axis as a function of the strength of the su- 
perexchange couphng JafS^. (b) The average canting {\6\) 
as a function of the average TCNE valency for Jap5^ =0.03, 
0.04, and 0.05 eV. 



molecules. The magnetic coupling dramatically changes 
and locally core spins are flipped, causing a decrease in 
magnetization. The S' ~ 2 core spin created by the pho- 
toexcitation is sensitive to Jahn- Teller distortions and 
forms a local polaron. Polaron formation can strongly 
influence the dynamics of the system and can provide a 
mechanism to explain the long lifetime of the photoin- 
duced magnetic state. 
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average canting angle of about 10-20°. An increase in 
the number of unpaired electrons on TCNE leads to a 
stronger ferromagnetic coupling and hence a decrease of 
the canting angle. Therefore, photoinduced transitions 
for electron densities less than one electron per TCNE, 
increase the magnetization, see Fig. H^a). 

The situation drastically changes when charge-transfer 
excitations are made with a smaller energy, where opti- 
cal transitions are made from the manganese core spin to 
the TCNE, creating a doubly occupied tt* orbital. This 
changes the coupling between the manganese spins from 
ferromagnetic to antiferromagnetic, as is shown schemat- 
ically in Fig. Hfc). Instead of letting one tt* electron hy- 
bridize with both neighboring manganese atoms, it is ki- 
netically more advantageous to flip one of the manganese 
spins allowing both tt* electrons to hybridize. For a larger 
system, the excited electron delocalizes over the TCNE 
molecules surrounding the flipped spin, see Fig. |2Ib). 
Note that the average valency of the TCNE surrounding 
the flipped spin is not —2, but closer to —1.2, explaining 
why divalent TCNE molecules are not observed experi- 
mentally in, e.g., Mossbauer spectroscopy 0. 

Summarizing, we have described a mechanism for pho- 
toinduced magnetism in Mn-TCNE systems. Illumina- 
tion with visible light causes charge-transfer transitions 
from the Mn core spins to the valence shell consisting of 
the Mn 3d states antiparallel to the core spins and the 
TCNE TT* orbitals. When the average density of elec- 
trons per TCNE is less than one, photoexciting electrons 
into the valence states strengthens the double-exchange 
coupling between the Mn core spins. This decreases the 
canting angle and increases the magnetization. Illumi- 
nation with a larger wavelength creates divalent TCNE 
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